ABSTRACT This paper investigates the dissipativity-based reliable control for Takagi-Sugeno (T-S) fuzzy systems under time-varying sampling intervals based on the input delay approach. By constructing a novel Lyapunov-Krasovskii functional and using a limited Bessel-Legendre inequality that makes full use of the available information on the variable sampling pattern, a sufficient stabilization criterion is obtained to guarantee the sampled-data systems to be asymptotically stable and strictly (Q, S, R)-γ -dissipative. Based on the criterion, a desired dissipativity-based sampled-data reliable controller is proposed. Moreover, in the case of no the actuator failure and γ -dissipative, some new stability and stabilization criteria are also obtained. It is shown that the new stability and stabilization criteria can provide a larger upper bound of the sampling interval than some existing works. The effectiveness and superiority of the design methods developed in this paper are demonstrated by two simulation examples.
I. INTRODUCTION
Over the past few decades, the fuzzy-logic control has proven to be an effective approach when dealing with complex nonlinear systems. Because of the fuzzy model with a convenient and simple dynamic structure can approximate any smooth nonlinear function with arbitrary precision to the continuous function in the closed set space. The fuzzy system proposed by T-S fuzzy model [1] is described by a set of fuzzy IF-THEN rules for representing the local linear inputoutput relation of nonlinear systems. Therefore, T-S type fuzzy systems have attracted great attention from both theory and industrial communities in the past several decades, such as controller design [2] - [6] , fault detection and filter design [7] - [11] , dissipativity-based control design [11] - [14] , and fault tolerant control design [15] - [20] , sampled-data fuzzy control [21] - [26] .
With the development of modern high-speed computers, microprocessors and communication networks, sampled-data control systems have received much attention over the past decades. In sampled-data system, the control signals are updated only at sampling instants and remain unchanged during a sampling interval [21] - [27] , and thus the amount of transmitted information greatly reduces and the efficiency of bandwidth usage increases, which makes the control more efficient and useful in real-life applications. One of popular and widely used approaches to analyze and synthesize of sampled-data systems is input delay approach, which is based on the representation of the sampled-data system as a continuous-time system with a delayed control input. Recently, based on input-delay approach, the sampled-data control of T-S fuzzy systems was investigated in [21] - [26] . By utilizing the input delay approach, the stability conditions of the designed controller for fuzzy systems under variable sampling are given based on estimation of the derivation of LKF in [21] in terms of linear matrix inequalities (LMIs). Very recently, the problem of sampled-data control for chaotic systems with and without input constraints was studied in [22] , and the problem of stability and stabilization for sampled-data fuzzy systems with state quantization was investigated in [23] . In order to estimation of the derivation of LKF (i.e., b aẋ T (s)Rẋ(s)ds), Jensen's inequality [28] is a very useful method in early literatures. Some research methods for decreasing the conservativeness of Jenson inequality have been proposed. For example, the Wirtinger-based inequality in [29] and the Limited Bessel-Legendre inequality in [30] . Liu and Lee [23] improved the results by constructing a novel LKF and the Wirtinger inequality was used to solve the above integral inequality. In practice, one may be interested in not only system stability but also the problem of finite-time stability. To deal with the problem of finite-time stability for switched systems and morkovian jump systems, many important results were proposed in [31] - [38] . Although there are so many results to study the stability of sampled-data fuzzy systems, it is still necessary to decrease the conservativeness of stability criteria further.
It is well known that the dissipative theory serves as a powerful or even indispensable tool in characterizing important system behaviors, such as stability and passivity. Thus, there has been increasing research interest on the theory of dissipative systems in the last decades. For example, the problem of delay-dependent dissipativity analysis was investigated in [12] for sampled-data fuzzy systems by using the input delay approach, and sufficient conditions were established in terms of LMIs, which guarantee the addressed closedloop systems to be admissible and strictly dissipative. In [13] and [39] - [41] , the problem of dissipativity analysis for singular system was studied, and several delay-dependent sufficient conditions were given to guarantee the dissipativity of the addressed closed-loop system. On the other hand, much effort has been devoted to the reliable control since unexpected failures may occur at any time and bring system performance degeneration or even cause collapse. The main task of reliable control is to design a controller to ensure the stability of the closed-loop systems, not only when all the control components are working normally, but also in case of some admissible control component outages. The reliable control design approach was proposed in [39] - [41] for singular systems, [42] and [43] for linear systems and sampled-data uncertain systems, and [44] and [45] for networked control systems respectively. Up to now, to the best of the authors' knowledge, the issue of dissipativity-based sampled-data reliable control for T-S systems and actuator failures has not been fully investigated and remained to be important and challenging.
Summarizing the previous discussion, the problem of dissipativity-based reliable control for sampled-data T-S fuzzy systems is considered in this paper. By utilizing the input delay approach, the sampled-data fuzzy systems are transformed into a continuous-time T-S fuzzy system with a delay in the state. Some new dissipativity-based stability criteria and the desired sampled-data reliable controller are obtained by using a novel augment LKF and a Limited Bessel-Legendre integral inequality which can provide tighter bound than Wirtinger inequality. Furthermore, the improvement LMIs-based asymptotically stable sufficient conditions for sampled-data T-S fuzzy systems are also derived in the case of no the actuator failure and γ -dissipative. The results show that the new stability and stability criteria can provide a larger sampling interval upper bound than other existing works. Two numerical examples are provided to demonstrate the effectiveness and benefits of the results developed in this paper.
Notation: Throughout this paper, R n and R m×n denote n dimension Euclidean space and the set of all m × n real matrices, respectively. diag{· · · } and col{· · · } stand for a block-diagonal matrix and a column vector respectively. sym(X ) = X + X T .
II. PROBLEM FORMULATIONS
Consider a continuous-time nonlinear plant which can be described as the following T-S fuzzy model Plant Rule i: IF θ 1 (t) is M i1 and . . . and θ n (t) is M in , THEṄ
where [θ 1 (t), · · · , θ n (t)] are the premise variables, M ij is a fuzzy set, i = 1, 2, . . . , r, r is the index number of fuzzy rules, x(t) ∈ R n denotes the state of the system, u(t) ∈ R m denotes control input of the system, w(t) ∈ R q is the disturbance input belonging to L 2 [0, +∞) and z(t) ∈ R s is the controlled output.
and F i are the known constant matrices with appropriate dimensions, respectively. A more compart presentation of the continuons-time T-S fuzzy model (1) can be given bẏ
where h i (θ(t)) denotes the normalized membership function satisfying
; M ij (θ j (t)) is the grade of membership of θ j (t) in the fuzzy set M ij . Therefore, we can see that h i (θ(t)) ≥ 0, for i = 1, 2, . . . , r and r i=1 h i (θ (t)) = 1. In this paper, the control signal is assumed to be generated by using a zero-order-holder (ZOH) function with a sequence of hold times
Therefore, in this paper, the following state feedback T-S fuzzy-model-based controller is employed for the system (1) by utilizing the idea of parallel distributed compensation (PDC), in which the same fuzzy sets with the fuzzy model are shared for the designed fuzzy controller in the premise parts.
Controller Rule j:
where K j is the local gain matrix of the state feedback with appropriate dimension, and x(t k ) is discrete measurement of x(t) at the sampling instant t k .
Thus, the overall state feedback controller is inferred by
In this paper, the sampling is not required to be periodic, and the only assumption is that the distance between any two consecutive sampling instants belongs to an interval. Specially, it is assumed that
for all k ≥ 0, where h > 0 and represents the largest sampling interval.
Substituting (5) into (2), the closed-loop system via sampled-data control is formulated as:
When the actuators experience failures, we use u F (t k ) to describe the sampled-based control signal sent from actuators. Consider the following actuator failure model [32] :
where
Note that the parameters α i and α i characterize the admissible failures of the ith actuator. Obviously, when α i = α i = 0, the failure model (8) corresponds to the case of the ith actuator outage. When 0 < α i < α i < α i < 1, it corresponds to the case of partial failure of the ith actuator. When α i = α i = α i = 1, it implies that there is no failure in the ith actuator. Denoteα
and rewrite α as follows
Substituting (8) into (7), we get the following closed-loop system:
We are now in a position to introduce the definition on dissipativity. Let the energy supply function of the system (13) be defined by
where Q, S, and R are real matrices with Q, R symmetric and a, b τ = τ 0 a T b dt. Without loss of generality, it is assumed that Q ≤ 0, and denoted that
The problem to be addressed in this paper is to design the sampled-data reliable controller (8) for resultant closed-loop system (13) such that the following criteria are satisfied:
(1) The colsed-loop system (13) with w(t) = 0 is asymptotically stable.
(2) System (13) is strictly (Q, S, R)-γ -dissipative, that is, for some scalar γ > 0, the following inequality
holds under zero initial condition for any nonzero disturbance w ∈ L 2 [0, ∞). Lemma 1 (Jensen Inequality) [28] : For any matrix W > 0, scalars γ 1 and γ 2 satisfying γ 2 > γ 1 , a vector function w : [γ 1 , γ 2 ] ∈ R n such that the integrations concerned are well defined, then
Lemma 2 (Limited Bessel-Legendre Inequality) [30] : For a given symmetric positive matrice R ∈ R n , any differentiable function
holds, where
Remark 1: The inequality (17) encompasses the Jensen inequality [28] and the Wirtinger-based inequality [29] with the help of the second and the third component of the vector , respectively. Hence, Lemma 2 can provide tighter bound than the previous commonly used integral inequality.
III. MAIN RESULTS

A. STABILITY ANALYSIS OF DISSIPATIVITY-BASED RELIABLE CONTROL OF THE SAMPLED-DATA T-S FUZZY SYSTEM WITH ACTUATOR FAILURE
In this section, based on Lemma 1 and Lemma 2, the dissipativity-based reliable control stability criteria are provided for system (13) with actuator failure. For the simplicity of presentation, we will use in this section the following notations:
.
For a given scalars h > 0 and γ > 0, system (13) is asymptotically stable and strictly (Q, S, R)-γ -dissipative, if there exist symmetric positive
, and any matrices Y ij , G 1 , G 2 with appropriate dimensions such that the following LMIs hold 
The time-derivative of V i (t)(i = 1, 2, . . . , 5) can be calculated aṡ
with
Using Lemma 1, (26) Noting that for any matrix Y ij , it is easy to obtain
Then the following inequality holds
By Lemma 2,
where is defined in Theorem 1.
Based on the resultant closed-loop system (13), it is easy to know that
Therefore, from Eqs. (21)- (31), an upper bound ofV (t) with dissipation analysis can be given as
Noting that is a convex combination of t − t k and h − (t − t k ), therefore < 0, if and only if the following inequality hold
Combining with (32)- (34) , and using Schur Complement, we can obtain (18) and (19) . It is clear that the resultant closed-loop system (13) with w(t) = 0 is asymptotically stable. Now, let us prove that the system is strictly (Q, S, R)-γ -dissipative. For this purpose, considering (18) and (19), we obtaiṅ
Integrating (35) over the range [0, τ ], we obtain
Thus, holds under zero initial condition, we can easily get
which implies (15) hold, that is, the system (13) is strictly (Q, S, R)-γ -dissipative. This completes the proof. Remark 2: By using an input delay approach in this work, the sampled-data fuzzy system with actuator failures is transformed into a continuous-time fuzzy system with a delay in the state. The main advantage of the input delay approach is that, it does not require the sampling distances to be constant. Furthermore, the sampling holder can be modeled as the delayed control input, and then the LKF method can be used to deduce the stability conditions. Remark 3: A new dissipativity-based sampled-data reliable controller design stability and stabilization condition for the T-S fuzzy system is derived by constructing a novel LKF based on the delayed control input approach. Unlike the previous works [12] , [23] , two new augment Lyapunov functions V 1 (t) and V 2 (t) with augment vectors η 1 
T are constructed in the LKF, which play a key role for getting a less conservative result as more available information of vectors are considered. This can be seen from the simulation results further.
Based on Theorem 1, the dissipativity-based reliable controller design method for sampled-data T-S system (13) is provided in the following Theorem. 
LMIs hold
Proof: From (10) and (11) and together with the elementary inequality x T y + y T x ≤ εx T x + ε −1 y T y, we can obtain
where 
Based on Schur Complement, Eq. (40) is equivalent to (42) and Eq. (41) is equivalent to (43) . , G, G, G, G, G, G , G}Y ij G T . Pre-multiplying and post-multiplying (42) by diag{G, G, G, G, G, G, G, G, I , I ,  I , I } and diag{G, G, G, G, G, G, G, G, I , I , I , I } T , (38) is obtained. Pre-multiplying and post-multiplying (43) by  diag{G, G, G, G, G, G, G, G, I , I , I , I , G} and diag{G, G,  G, G, G, G, G, G, I , I , I , I , G} T , we can get (39) . This completes the proof.
B. STABILITY AND DISSIPATION ANALYSIS OF THE SAMPLED-DATA T-S FUZZY SYSTEM
In this section, we will discuss the dissipation analysis of the sampled-data T-S fuzzy system without actuator failure. with appropriate dimensions such that the following LMIs hold 
Proof: It is clear that (38) and (39) holds implies (44) and (45) holds.
C. STABILITY AND STABILIZATION ANALYSIS OF THE SAMPLED-DATA T-S FUZZY SYSTEM
In this part, if we do not consider the case of the actuator failure and γ -dissipative. The researched sampled-data T-S fuzzy systems will becomė
By using the novel LKF (20) and calculate the timederivative of V (t), we have the following Corollary.
Corollary 1: For a given scalar h > 0, system (46) is asymptotically stable, if there exist symmetric positive
, any matrices Y ij , G 1 , G 2 with appropriate dimensions such that the following LMIs hold
Remark 4:
If we do not consider the case of actuator failure and (Q, S, R)-γ -dissipative, the proposed stability and stabilization criteria of sampled-data control for fuzzy systems VOLUME 6, 2018 can also obtain a larger upper bound of the sampling interval than the ones obtained in [21] - [23] mainly results from two aspects. On one hand, two new augmented Lyapunov functions V 1 (t) and V 2 (t) are constructed, which play a key role for getting a less conservative result in the free degree of matrices. On the other hand, when estimating the upper bound of derivative of constructed LKF, a Limited Bessel-Legendre inequality [30] is employed, which is more tighter than the ones based on Jensen's and Wirtinger-based inequality.
IV. NUMERICAL SIMULATIONS
In this section, two numerical examples are given to illustrate the effectiveness and superiority of the proposed design.
Example 1 [12] : Consider the following truck-trailer model
where x 1 (t) is the angular difference between the truck and trailer, x 2 (t) is the angle of the trailer, and x 3 (t) is the vertical position of rear end of the trailer. The model parameters are given asv = −1,t = 2,t 0 = 0.5, L = 5.5 and l = 2.8. Let θ(t) = x 2 (t) + (vt/2L)x 1 (t), and the membership functions are defined as:
and h 2 (θ (t)) = 1 − h 1 (θ (t)), whereḡ = 10 −2 /π. The following system parameters that represents the nonlinear system is as follows
The controller output z(t) is chosen with the following parameters:
In this example, we choose Figs. 1 and 2 that this control method not only ensures the stability of trailer system under actuator failure, but also effectively suppresses external disturbances, and has good robustness.
The curves of open-loop system states are also presented in Fig. 3 . It is shown that the state trajectories of open-loop system are not convergent from Fig. 3 . Now, we consider the truck-trailer system without actuator failure. By using Theorem 3 with = 30, we can obtain Table 1 about the optimal dissipativity performance γ with different sampling interval h. It can be found from Table 1 that a larger h corresponds to a smaller optimal dissipativity performance γ .
At the same time, choosing the sampling interval h = 0.25 and γ = 0.830, and applying Theorem 3 with = 30, we can obtain the following controller gain matrices:
Under the initial condition x(0) = 1 5 −2 , the state responses of the system are given in Fig. 4 , and the control input u(t) is shown in Fig. 5 . The effectiveness is also fully proved.
Example 2: The Lorenz system with an input term is given as follows [21] :     ẋ 1 (t) = −ax 1 (t) + ax 2 (t) + u 1 (t), x 2 (t) = cx 1 (t) − x 2 (t) − x 1 (t)x 3 (t), x 3 (t) = x 1 (t)x 2 (t) − bx 3 (t).
(53) 2 ), and h 2 (x 1 (t)) = 1 − h 1 (x 1 (t)). in this example, we choose a = 10, b = 8/3, c = 28, d = 25.
By using Corollary 2 with = 0.1, the allowable maximum sampling period ensuring the asymptotic stability of system is 0.0844. The comparison of the allowable upper bound of the sampling interval h with the different methods is shown in Table 2 . It is seen from Table 2 that the proposed method in this paper can get a larger upper bound of sampling interval than some other existing results.
For proving the effectiveness of the method, a simulation result is provided. When h = 0.0844, by solving LMI (49) and (50), the relevant gain matrix can be obtained as follows: Under the initial condition x(0) = 10 10 10 , the state responses of the system are given in Fig. 6 , and the control input u(t) is shown in Fig. 7 . The simulation results have confirmed that the designed sampled-data controller perform very well as expected.
V. CONCLUSION
The problem of dissipativity-based reliable control for T-S fuzzy systems with nonuniform sampling has been investigated. The (Q, S, R)-γ -dissipative stability conditions were obtained for the sampled-data systems by the novel LKF and Limited Bessel-Legendre inequality, which makes full use of the available matrices information. Based on the dissipativity condition, the design of the desired reliable sampleddata controller was also reduced to the feasibility problem in term of LMIs. When no actuator failure and γ -dissipative involved, less conservativeness of the proposed stabilization criteria for sampled-data T-S fuzzy systems have been verified by comparing the existing ones. Two illustrative examples have been applied to validate the proposed methods. The methodologies and techniques developed in this work are expected to be extended into the sampled-data reliable control design for T-S fuzzy systems with state quantization.
